Abstract. Polyploid embryo production is an important technique in generating mice directly from embryonic stem (ES) cells. The present study was designed to assess the effect of different calcium concentrations and electric field intensities on the production of tetraploid embryos with higher developmental potential by electrofusion. Two-cell mouse embryos were electrofused in fusion solution containing different concentrations of calcium ion (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 mM). The rates of blastomere fusion, and subsequent cleavage and development of tetraploids to the blastocyst stage were highest when two-cell embryos were electrically stimulated in a fusion medium containing 1.0 mM calcium. Therefore, we tested electric field intensities (0.6, 0.8, 1.0, 1.2 and 1.4 kV/cm) for electrofusion of two-cell embryos and subsequent development to the blastocyst stage in 1.0 mM calcium. The highest rates of fusion and blastocyst formation were observed when the electric field strength was 0.8 kV/cm. The present results showed that mouse two-cell embryos stimulated with 0.8 kV/cm in a fusion medium containing 1.0 mM calcium had the highest rates of fusion and development to the blastocyst stage.
(J. Reprod. Dev. 55: [383] [384] [385] 2009) he polyploid mammals are not viable under natural conditions because polyploid embryos usually cannot survive the early developmental stage. However, as a research tool, polyploidy embryos have been widely applied to compensate for embryonic lethality as a result of defective extraembryonic phenotypes in laboratory mice, as well as a method of generating mice directly from ES cells [1] [2] [3] .
Up to now, two methods, 1) cell cleavage inhibition using colchicines [4] or cytochalasin B [5] and 2) cell fusion by polyethylene glycol [6, 7] , inactivated Sendai virus [8] or electrofusion [9, 10] , have been established for generation of tetraploid embryos. It has been reported that the method of cleavage inhibition may produce several tetraploid:diploid (4n:2n) mosaics rather than homogeneously tetraploid animals [11] . A possible reason for this could be that while the first cleavage is successfully inhibited, sister blastomeres escape inhibition and divide into two "normal" diploid blastomeres, thus creating a three-cell mosaic. The electrofusion procedure, however, is considered to be robust and has been successfully applied to generation of tetraploid embryos in a number of other species such as the rabbit [12] , pig [13] and cow [14, 15] .
During electrofusion, the plasma membrane is disrupted by a voltage difference across it, which is related to the calcium concentration in the fusion solution [16, 17] and the electrical field parameters [18] . The electric field intensity is an important factor that affects the efficiency of electrofusion, which has been researched intensively previously [19] . However, there are few reports about the effect of the calcium concentration and electric field intensity on production of tetraploid embryos, which is very important for generation of mice directly from ES cells.
We optimized the calcium concentration and electric field intensity to improve the efficiency of tetraploid embryo production. This provides the basis for a high efficiency tetraploid embryo production system with better developmental potential in mice.
Materials and methods

Reagents
All chemicals and media were purchased from Sigma Chemical (St. Louis, MO, USA), unless otherwise indicated.
Embryo collection
Female mice at 6-8 weeks of age were maintained at 20-22 C under a 14-h (0600-2000 h) light and 10-h (2000-0600 h) dark schedule and induced to superovulate by i.p. injection of 10 IU of pregnant mare serum gonadotrophin (PMSG, Ningbo Hormone Products, Ningbo city, PR China) followed by 10 IU of hCG 48 h later (Ningbo Hormone Products). They were then mated with 8-to 10-week-old white, male Kunming mice and examined for vaginal plugs the next morning.The mice with a vaginal plug were sacrified, and two-cell embryos were collected by flushing their oviducts with M2 medium 44-46 h post hCG.
Electrofusion and in vitro culture of fused embryos
Before electrofusion, two-cell embryos in each group were equilibrated in fusion solution, 300 mM mannitol solution supple-mented with 0.1 mM MgSO4 and different concentrations (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 mM) of CaCl2 for about 1 min. These embryos were then put into fusion solution between the electrodes, with the cleavage plane parallel to the electrodes, and stimuated with two DC pulses at 1.0 kV/cm for 40 μsec. After the 'optimal calcium concentration' was determined, fusion of two-cell embryos under different electric field levels (0.6, 0.8, 1.0, 1.2 and 1.4 kV/cm) was assessed using the determined concentration. After stimulation, the embryos were washed 3 times in human tubal fluid (HTF) medium and cultured in this medium at 37 C in an atmosphere of 5% CO2 in air. Thirty minutes later, the membrane fusion status was assessed, and two blastomeres having a continuous plasma membrane were recognized as fused embryos. The fused embryos were then cultured in HTF medium and observed for development. Embryos that were not subjected to electrofusion were cultured as a control. All experiments mentioned above were repeated at least three times.
Examination of cell numbers of blastocysts
The embryos were fixed with 3.7% paraformaldehyde for 30 min and then incubated in the dark at 37 C in M2 medium + 10 μg/ ml Hoechst 33342 for 10 min. Following extensive washing, the embryos were mounted on slides and examined using a microscope. Each group was repeated three times, and at least 21 embryos were treated in each group.
Chromosome analysis
The methods used for chromosome analysis were described in a previous study [20] , with some modification. Briefly, the blastocysts produced from electrofusion were transferred to the HTF medium containing 0.5 μg/ml colchicine, cultured for 4-5 h and then put into 1% sodium citrate hypotonic solution at 4 C for 20 min. These embryos were dropped on the slides and fixed with the stationary liquid (methanol: acetic acid=2:1) for 2-3 min. After staining with Hoechst 33342, these specimens were observed under a microscope for chromosome analysis. At least 17 embryos were treated in each group.
Statistical analysis
Pairwise comparisons of all data in the present study were performed by one-way ANOVA with the Statistical Analysis System (SAS) software (SAS Institute, Cary, NC, USA). A P value of less than 0.05 was considered to be statistically significant.
Results
Effects of calcium concentration on fusion and subsequent development of embryos
When two-cell embryos were electrofused in a medium containing 1.0 mM calcium, the proportions of fusion, and subsequent cleavage and development to the blastocyst stage of tetraploids were 91.18 ± 3.32, 86.18 ± 3.60 and 70.57 ± 4.09, respectively. The values were significantly higher than those after electorfusion in a medium containing the other concentration of calcium (P<0.05; Fig.1 ).
Effects of calcium concentration on tetraploid embryos production
As shown in Fig.2 , the number of cells per blastocyst was also highest when the fusion medium containing 1.0 mM calcium was used. Furthermore, all examined blastocysts were tetraploid regardless of the calcium concentration of the fusion medium.
Effects of electric field on the developmental potential of fused embryos
As shown in Fig. 3 , the rates of fusion (97.03%), subsequent cleavage (75.2%) and development to the blastocyst stage (60.2%) were highest when two-cell embryos were fused by DC pulses at 0.8 kV/cm in fusion medium containing 1.0 mM calcium. All rates were significantly lower in embryos that were fused at higher than 1.2 kV/cm than in those that were fused at lower than 0.8 kV/cm (P <0.05). There were no significant differences among the embryos fused by DC pulses between 0.6 and 1.0 kV/cm in terms of the rate of fusion and cleavage or among embryos fused by DC pulses between 0.6 to 1.2 kV/cm in terms of the rate of development to the blastocyst stage. 
Discussion
The present study assessed the effect of different calcium concentrations and electric field levels on the production of tetraploid embryos by eletrofusion. The result showed that the rates of fusion, cleavage and development to the blastocyst stage were highest when two-cell embryos were electrostimulated by DC pulses at 0.8 kV/cm in a fusion medium containing 1.0 mM calcium, although all examined blastocysts were tetraploid regardless of the calcium concentration of the fusion medium.
Previous studies had indicated that a higher calcium concentration could induce intracellular Ca 2+ flux, which plays an important role in cell growth and differentiation [16, 21, 22] . In nuclear transfer in pigs, Cheong (2002) also indicated that the fusion rate and subsequent development of nuclear transfer embryos were notably improved when the fusion medium contained 1.0 mM calcium compared with the case of 0.1 mM calcium [16, 17] . Nevertheless, Collas (1993) proved that fusion solution that contained too much calcium could have a negative effect on the development of bovine embryos [23] , which was also seen in the present study. Our results showed that the rate of fusion and subsequent development significantly decreased when the fusion solution contained 1.2 and 1.4 mM calcium.
Electric field intensity is an important factor that affects the efficiency of membrane fusion [19] . During the electrofusion procedure, the closely apposed lipid membranes of the two cells are disrupted by a voltage difference across the plasma membranes [24] , which correlates closely with the electric field. A lower electric intensity might not have been sufficient enough to disrupt the membrane, possibly resulting in reduction of the fusion rate of the embryos. On the other hand, the cell membrane would be disrupted by a higher electric field intensity during the fusion process [25] . In the present study, the rates of fusion and development to the blastocyst stage were significantly higher in embryos that were treated with an electric field at 0.8 kV/cm than those treated with any other electric field intensity.
In summary, the present study shows that electrostimulation of mouse two-cell embryos under an electric field at 0.8 kV/cm in a fusion medium containing 1.0 mM calcium is optimal for production of tetraploid embryos in mice. 
